Background: In this work, a lutetium-177 ( 177 Lu) production method based on the separation of nuclear isomers,
Lu ions produced via internal conversion of 177m
Lu were then extracted in dihexyl ether using 0.01 M di-(2-ethylhexyl) phosphoric acid (DEHPA) at room temperature. The liquid-liquid extractions were performed periodically for a period up to 35 days.
Results: A maximum
177 Lu/ 177m Lu activity ratio of 3500 ± 500 was achieved with [ 177m Lu]Lu-DOTA complex, in comparison to 177 Lu/ 177m Lu activity ratios of 1086 ± 40 realized using [
177m Lu]Lu-DOTATATE complex. The 177 Lu177m Lu separation was found to be affected by the molar ratio of lutetium and DOTA. A 177 Lu/ 177m Lu activity ratio up to 3500 ± 500 was achieved with excess DOTA in comparison to 177 Lu/ 177m Lu activity ratio 1500 ± 600 obtained when lutetium and DOTA were present in molar ratio of 1:1. Further, the 177 Lu ion extraction efficiency, decreases from 95 ± 4% to 58 ± 2% in the presence of excess DOTA. Conclusion: The reported method resulted in a 177 Lu/ 177m Lu activity ratio up to 3500 after the separation. This ratio is close to the lower end of 177 Lu/ 177m Lu activity ratios, attained currently during the direct route 177 Lu production for clinical applications (i.e. 4000-10,000). This study forms the basis for further extending the liquid-liquid extraction based 177m Lu separation in order to lead to a commercial 177m Lu/ 177 Lu radionuclide generator.
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Background
Radionuclide generators are known to have brought revolutionary opportunities in the development of nuclear medicine (Knapp & Dash, 2016; Knapp & Mirzadeh, 1994; Knapp et al., 2014; Knapp & Baum, 2012) . The current state of the art of 99m Tc, 188 Re, 68 Ga pharmaceuticals owes their existence largely to the availability of their corresponding radionuclide generators (Roesch & Riss, 2010; Pillai et al., 2012) . They offer continuous, on-site and on-demand isolation of a short-lived daughter radionuclide from its longer-lived mother radionuclide. 177 Lu) is a radionuclide that could also benefit from the advantages of a generator vastly. 177 Lu is well-known for its theranostic potential and is expected to play a crucial role in fulfilling the global demand of radionuclides for many targeted radionuclide therapy applications (Das & Banerjee, 2016; Das & Pillai, 2013 (Banerjee et al., 2015; Emmett et al., 2017; Hofman et al., 2018; Repetto-Llamazares et al., 2018; Dho et al., 2018) . Clearly, the demand of 177 Lu is only going to increase and radionuclide generator can complement the current production routes. The long half-life of 177m Lu (160.44 days) can potentially lead to on-site and on-demand 177 Lu supply for a long period of time without the need of weekly irradiations in nuclear reactor (De Vries & Wolterbeek, 2012; Bhardwaj et al., 2017 (Bhardwaj et al., 2017) . Internal conversion decay may result in the emission of multiple Auger electrons, often accompanied with the loss of valence electrons and leaving the atom in a highly positively charged state which can result in bond rupture (Cooper, 1942) . This principle presents a possibility to separate two isomers, provided that a separation process that can quickly & selectively capture the freed ions is feasible. Additionally, from a radionuclide generator perspective, the separation process should also allow the periodic extraction of the produced daughter radionuclide during the lifetime of the generator. Previously, a column chromatography based 177 Lu177m Lu separation process has been reported, where the 177m Lu complexed with DOTATATE has been immobilized on a tC-18 silica and the freed 177 Lu ions produced after the decay have been separated using a mobile phase flow (Bhardwaj et al., 2017 Lu activity ratio ranging from 4000 to 10, 000 (Dvorakova et al., 2008; Pawlak et al., 2004; Knapp FFJA et al., 1995; Das et al., 2007; Chakraborty et al., 2014) , while the indirect production route affords the nocarrier added 177 Lu with almost negligible amount of 177m Lu (Watanabe et al., 2015) .
In this work, a radionuclide generator for the production of 177 Lu based on the pair Minh & Lengyel, 1989; Fikrle et al., 2010; Bhatia & Turel, 1989; Boyd, 1982; Ehrhardt & Welch, 1978; Mushtaq et al., 2007; Dutta & Mohapatra, 2013 •cm − 2 (less than 1.5% epithermal contribution) and an irradiation time of 10 h. The solid sample was weighed inside polyethylene capsule and sealed, packed inside polyethylene rabbits. After irradiation, the samples were left for a cooling period of 3 days, resulting in the production of around 17 MBq of 177
Lu. The capsules were opened and transferred into a plastic vial containing 2.5 mL, pH -3, HCl solution, resulting in a 1 mM [ Methods γ ray spectroscopy analysis
All the activity measurements were performed on a well-type HPGe detector for counting time up to 5 h to reduce the error from the counting statistics to less than 5%. The measurement of the samples obtained at the end of LLE was repeated after 3-4 half-lives of 177
Lu to decrease the background and measure the 177m Lu activity with less than 5% uncertainty. The efficiency calibration for different peaks was performed using a known activity of 177 Lu source supplied by IDB Holland. The obtained gamma ray spectra were analysed using an in-house software to calculate the activity of each fraction (Blaauw, 1993) . In order to minimize the error, all the vials were weighed before and after the fraction collection. mixture was heated at 80°C for about 1 h followed by incubation at room temperature for about 1 h. The complex formation was confirmed using instant thin layer chromatography. Free 177m Lu ions traces were removed using a cation exchange resin (chelex-100). (Details in S1, Additional file 1).
Preparation of aqueous phase

Liquid-liquid extraction (LLE) procedure
The schematic representation of LLE to separate the freed 177 Lu ions from the complexed 177m Lu ions is shown in Fig. 1 .
All the LLE experiments were performed in 2 mL Eppendorf by placing them in a shaking incubator at room temperature. The aqueous and the organic phases were mixed in volumetric ratio (1:1) at 1400 rpm for a stirring time of about 10 min. The stirring time of 10 min was optimised by studying the 177 Lu extraction efficiency as a function of extraction time (see Additional file 1 Figure S1 (b), S2, supplementary information). At the end of stirring, the layer separation was achieved after a settling time of about one minute. In order to avoid any contamination of the aqueous layer in the organic layer, only the upper 2/3rd organic layer was taken out using a 20-200uL pipette in all the LLE experiments. The pipetted organic layer was transferred to a pre-weighed vial to know the exact amount of organic phase removed in each extraction.
First Figure S1 , supplementary information S2). Additionally, along with the 177 Lu ions, 0.0085 ± 0.0015% of the starting 177m Lu activity was also extracted in the organic phase. Figure 2( Figure 4 shows the 177 Lu/ 177m Lu activity ratios observed in the organic phase at the end of LLE for the three different Lu:DOTA molar ratios. It reveals that the 177 Lu/ 177m Lu activity ratio increases with an increase in the molar quantities of DOTA. The experiments were performed for three different Lu: DOTA molar ratios, (1:1) in black, (1:2) in red and (1:4) in blue. The data points represent the average ± STD of three experiments, the individual error in measurements due to counting statistics is less than 5% and increases the quality of extracted 177 Lu remarkably. The freed 177 Lu ions were extracted in the organic phase by performing the LLE at room temperature. The separation was done sufficiently fast resulting in production of limited quantities of free 177m Lu ions. The experiments were performed with three Lu: DOTA molar ratios, (1:1) in black, (1:2) in red and (1:4) in blue. The data points represent the average ± STD of three experiments, the individual error in measurements due to counting statistics is less than 5% Lu extraction efficiency of 58 ± 2% was achieved in the presence of excess DOTA (Lu:DOTA molar ratio, 1: 4), and it increases to 95 ± 4% when Lu:DOTA was present in the molar ratio 1:1, confirming that the association kinetics of freed 177 Lu and the excess of DOTA play an important Bhardwaj et al. EJNMMI Radiopharmacy and Chemistry (2019) Lu activity ratios of 4000-10,000 associated to the direct-route production of 177 Lu supplied to the clinics (Das et al., 2007; Chakraborty et al., 2014) . These ratios were found to decrease with the decrease in the amount of DOTA, i.e. an activity ratio of 1500 ± 600 was observed when Lu and DOTA were present in the molar ratio 1:1. The presence of excess DOTA leads to a proportional decrease in the amount of both The 177 Lu ions will reduce to about a half after accumulation time of 7 days, but the 177m Lu ions will remain almost unchanged as they have a half-life of 160.44 days. They will add to the total amount of free 177m Lu ions in the successive extraction and correspondingly to a decrease the 177 Lu/ 177m Lu activity ratio. In case of a complete organic phase removal, the separation method could lead to a constant value of 177 Lu/ 177m Lu activity ratio of around 3500 on performing periodic 177 Lu extraction every 7 days.
Additionally, the use of longer 177 Lu accumulation period of 32 days will lead to 1.7 times more 177 Lu production compared to 7 days 177 Lu accumulation period. This can potentially lead to an activity ratio of 7000 on considering a constant 0.0020 ± 0.0010% 177m Lu contribution due to dissociation and 58 ± 2% 177 Lu extraction efficiency. In such a case, the extracted 177 Lu would contain a 177m Lu contribution as low as 0.01% and would be comparable to the direct route 177 Lu production.
It should be pointed that the specific activity of the produced 177 Lu is not a discussed parameter since the starting 177m Lu source has very low specific activity and therefore also the extracted 177 Lu. Consequently, the values would not represent a fair comparison with the commercially available 177 Lu. Additionally, the extracted 177 Lu ions have not been stripped from the organic phase back into the aqueous phase considering that it is a well-reported process in literature (Trtic-Petrovic et al., 2010) . Overall, the presented work is an important milestone towards the development of a 177m Lu/ 177 Lu radionuclide generator for clinical application. It also establishes the possibility of employing other separation techniques such as micro-fluidic separation (Davide et al., 2014) , membrane based liquid-liquid extraction (Pedersen-Bjergaard & Rasmussen, 2008) or an automatized LLE separation devices that can allow the
